Abstract. Pitfall trapping is the most frequently used sampling technique for epigeal arthropods. Trap design could significantly affect the catch so the results of studies using different trap designs may be difficult to compare. Although species composition is frequently investigated in ecological studies, however when pitfall trapping is employed, the effect of trap design on the recorded species composition is rarely considered. In the present study, we investigated the effect of trap construction (funnel or cup trap) and the preservative used (formaldehyde or propylene glycol) on total catch, catch of particular species, species richness and species composition of the ground beetle assemblage sampled. We were interested in the extent to which trap design could bias these characteristics. Total catch was significantly affected by trap construction and preservative used, with the effect of the latter being the stronger. Species richness was only slightly affected by trap design when assemblages caught by traps of a particular type were corrected for unequal sample size. Moreover, we show that the traps of different designs differ in their efficiency for catching particular species of carabid and thus the composition of assemblages recorded using pitfall traps is affected by trap construction and the preservative used. We conclude that to assess the full significance of the effect of pitfall trap design on the results of ecological studies on epigeal arthropods it is necessary to simultaneously use traps of various designs.
INTRODUCTION
Proper methodology is the basic prerequisite for obtaining reliable results in scientific studies (Elphick, 2008) . There are a number of ways of sampling epigeal arthropods (e.g., ground beetles), but pitfall trapping is by far the most widely used. This sampling technique was used in almost 90% of the field studies on the ecology of ground beetles published in 2008-2010 and cited on the Web of Science. Pitfall trapping is popular because it is an efficient, low-cost means of sampling (Spence & Niemelä, 1994) . Although the use of pitfall traps enables researchers to collect simultaneously large numbers of specimens at several sites, which is necessary for subsequent statistical analyses, the widespread adoption of pitfall trapping as the main sampling method in studies on epigeal arthropods lacks proper methodological justification. The use of pitfall traps to sample epigeal arthropods has been criticised continuously since the 1960s (Greenslade, 1964; Adis 1979; Topping & Sunderland, 1992; Southwood, 1994; Spence & Niemelä, 1994; Hatten et al., 2007) .
Comparisons of catches obtained using pitfall traps with those obtained by alternative sampling techniques suggest that data from pitfall traps might be biased in many ways; for example, large species are overrepresented in pitfall traps (Spence & Niemelä, 1994; Arneberg & Andersen, 2003) , or sex ratios are markedly biased in some taxonomical groups (Topping & Sunderland, 1992) . These biases could be a consequence of the fact that pitfall trap catches reflect the activity of the specimens as well as their abundance (Thomas et al., 2006) . Therefore, the catch obtained by pitfall trapping is sometimes called "activity density" (Hon k, 1988) , and, unfortunately, the correlation between activity density and real abundance can be weak in some cases (Thomas et al., 2006) . However, if these biases are invariable across studies or the particular treatments being studied, a comparison among pitfall catches is relevant.
Although an un-baited pitfall trap is a simple tool, typically consisting of (i) a container buried in the soil with its rim flush with the soil surface; (ii) a preservative (absent in the case of live trapping) and (iii) a trap lid (a roof to protect against rainfall or drinking by mammals), differences in trap design could lead to additional variation in pitfall catches. That is why Adis (1979) called for a standardized trap design, but this idea has been unrealisable. Therefore, there has been considerable effort put into identifying potential sources of variability resulting from differences in trap design. Pitfall trap catches may be affected by the material the container is made of (Luff, 1975) , size (Work et al., 2002) , its shape (Spence & Niemelä, 1994 ) and colour , the presence and type of preservative (Weeks & McIntyre, 1997) , special modifications in trap construction (Lemieux & Lindgren, 1999) , the presence of a lid (Spence & Niemelä, 1994) and even by the experimental design (e.g., sampling interval; Schirmel et al., 2010) . However, most of these studies only investigated the effect of trap design on the size of the catch and studies investigating the effect of trap design on the species composition of the catch are rare. Therefore, studies investigating the magnitude of the bias caused by particular trap designs for wide range of characteristics (e.g., species richness and species composition) used in ecological studies are needed. This information is essential for comparing studies that use different designs of traps and for estimating a possible effect of trap design on the results of studies where pitfall trapping is used. In the present study, we sampled ground-dwelling beetles on an abandoned field using traps of four different designs arranged in a spatial grid. The trap designs differed in trap construction (conventional cup trap and funnel trap) and the preservative used (formaldehyde and propylene glycol). This experimental design enabled us to control the effect of variability in beetle activity and environmental heterogeneity (all traps were operated simultaneously in a relatively small area; moreover, we controlled for the effect of spatial position of the traps in the grid). We assessed the effect of pitfall trap design on (i) total catch (ii) species richness and (iii) species composition. For abundant species, we further investigated the "species-specific efficiency" of particular trap designs. It is well known that species-specific behaviour may affect the catch rate of particular species (Halsall & Wratten, 1988) , and this behaviour probably interacts with trap design (Pekár, 1996) . Thus, the species composition of assemblages is assumed to be affected by particular trap designs. Interestingly, although species composition is frequently measured in ecological studies, the effect of trap design on the species composition recorded (to our knowledge) has not been studied using detailed multivariate analysis (e.g., direct ordination analysis).
MATERIAL AND METHODS

Field experiment
To compare the catches of pitfall traps of various designs we performed a field experiment involving four different trap designs used simultaneously (see details in the section: pitfall trap design). Trapping was conducted in 2006 in a mediumsized (17 ha) abandoned field southwest of Prague in the Czech Republic (GPS: 50°02´N; 14°162´E). The study site was situated in the neighbourhood of the Bohemian Karst Protected Landscape Area, which is known for the occurrence there of thermophilous species and a high arthropod diversity (Tropek et al., 2010) . Within this abandoned field, we selected a rather homogenous area in which we set 36 pitfall traps of four different trap designs. The nearest patch of trees was 80 m away. Other possible sources of habitat heterogeneity included a wetter patch of land 20 m to the east of the experimental area. The traps were set in a regular grid of 6 × 6 traps with a 12 m spacing (modified latin square; Fig. 1 ). The trap rims were carefully flushed with the soil level to facilitate the capture of even the smallest specimens. We tried to minimise disturbance of the area surrounding the traps when setting them and collecting samples. The traps were operated for four weeks in June and emptied weekly.
The samples collected were transported to the laboratory where arthropods were sorted and all carabids (Coleoptera: Carabidae) were identified by M. Knapp to species after H rka (1996) , and the identification confirmed by P. Moravec (Litom ice, Czech Republic).
Pitfall trap design
In this study, we used four designs of pitfall traps commonly used for catching epigeal arthropods for purposes of biological surveys and ecological research in the Czech Republic (Absolon et al., 1994; Tropek et al., 2010) . We employed two types of trap construction: (1) a round, conical plastic pot made from transparent polypropylene (volume 0.5 litres, 9.4 cm diameter and 10.2 cm deep) and (2) a trap made from a one-litre polyethylene bottle by cutting it in two thirds horizontally and inserting the upper part (mouth) upside-down (as the funnel) into the lower part (this makes a funnel trap with a round mouth 9.5 cm in diameter; for a detailed description see Absolon et al., 1994) . As a preservative fluid, we used a formaldehyde solution (formaldehyde diluted with 24 parts of water) and a propylene glycol solution (propylene glycol diluted with three parts of water). These two preservatives are the most commonly used. Combinations of these factors (trap construction and preservative used) resulted in four trap designs.
All pitfall traps were covered with a roof made of 15 × 15 cm transparent plexi-glass. The roof was placed 5 cm above the trap supported on four nails, one at each corner. Each trap was filled with 200 ml of preservative fluid. In the cup traps, the preservative fluid was added directly into the cup, while in funnel traps, inner plastic pots were placed under the mouth of the funnel for the preservative (300 ml in volume). Using inner pots in funnel traps made the manipulation of the catches more convenient. The preservative fluid was replaced weekly when the traps were emptied.
Statistical analyses
Prior to the analysis, the samples taken from the same trap were pooled over the entire trapping period (four weeks). This resulted in a total of 36 samples, nine from each particular pitfall trap design.
Total catch and species-specific efficiency
To assess the effect of trap construction and preservative on the total catch and catch of particular species (number of individuals caught), we employed generalised linear models with negative binomial distribution of errors (GLM-nb; White & Bennetts, 1996) , because of the considerable over-dispersion present in models with a Poisson distribution of errors (Crawley, 2007) . We analysed the effects of trap construction, preservative used and their interaction on the number of individuals caught, and the models were controlled for spatial gradients and spatial autocorrelation. This was achieved by using the spatial positions of particular traps as covariates in the models (see below). Species models were developed for the most abundant species in our dataset (more than 10 individuals caught).
In the first step, we selected proper "spatial" covariates for each model. The potential maximal model consisted of the coordinates of the particular trap in the grid, their interaction and second powers (x, y, x y, x 2 , y 2 ). Modelling started with a null model followed by a stepwise forward selection based on deletion tests (Chi 2 -tests). Covariates selected for particular models are listed in Table 1 . In the second step, we searched for a final model, and covariates selected in the first step were used to control for the spatial effects. To select the appropriate final model, stepwise forward selection based on deletion tests (Chi 2 -tests) was used, starting with the null model consisting of spatial covariates. The maximum models may potentially contain covariates, the trap construction, the preservative used and their interaction. Analyses were performed in R version 2.11 (R Development Core Team, 2010) .
Species richness
The effect of the trap construction, preservative fluid used and their interaction on species richness of the catches of particular traps was investigated by GLM in a similar way to catch size (see above). However, GLM with Poisson distribution of errors (GLM-p) was used instead of GLM-nb. One final model was constructed using selected spatial covariates (selected by manual forward selection procedure; see above). Moreover, another final model was constructed using selected spatial covariates and square-root transformed catch as a covariate correcting for variance in sample size between particular traps (as used by Lange et al., 2011) . Comparison between these two models enabled us to conclude whether possible difference in species richness recorded by traps of a particular design was a consequence of differences in sample sizes or particular designs of traps caught different numbers of species even if similar numbers of individuals are collected. Analyses were performed in R version 2.11 (R Development Core Team, 2010) .
Because total species richness sampled at a particular site (by multiple traps) is frequently used in ecological studies, we also applied individual-based rarefaction with 95% confidence intervals to investigate differences in species richness among complete assemblages recorded by particular designs of pitfall trap. Individual-based rarefaction allows for the comparison of datasets varying in size via standardisation to the same number of individuals (Gotelli & Colwell, 2001 ). Prior to analysis of rarefied species richness, we pooled samples from all nine traps of a particular design to obtain one species assemblage for each trap design. This analysis was performed in R version 2.11 (R Development Core Team, 2010) using package Vegan (Oksanen et al., 2010) .
Species composition
To assess the effects of the construction, the preservation fluid and their interaction on species composition of the catches of particular pitfall traps, we used multidimensional ordination techniques. Direct linear analysis (redundancy analysis, hereafter referred to as RDA) was used because the length of the gradient on the first axis in the detrended correspondence analysis was quite short (as recommended by Lepš & Šmilauer, 2003 to control for possible spatial environmental gradients and autocorrelation. The species data were logarithmically transformed [log10(x + 1)] prior to the analysis. We performed two analyses: (i) no standardization applied in order to record all the variability in species composition attributable to trap construction and preservative used and (ii) the samples were standardised by norm to suppress the effect of different sample sizes. The significance of RDA was assessed by a randomisation test with 999 permutations (Lepš & Šmilauer, 2003) . The analysis was performed in Canoco for Windows version 4.5 (ter Braak & Šmi-lauer, 2002).
RESULTS
Total catch and species-specific efficiency
In total, we collected 1100 specimens of 51 species. There were significant differences in the total number of individuals caught by the differently designed pitfall traps (see total numbers in Appendix). The traps filled with propylene glycol caught significantly more individuals in comparison to those filled with formaldehyde (GLM-nb: Chi 2 = 30.65, d.f. = 1, P < 0.001). Cup traps caught significantly more individuals than funnel traps (GLM-nb: Chi 2 = 9.26, d.f. = 1, P = 0.005). The position of the traps significantly affected the size of the catch; therefore, spatial coordinates (x, y) were used as covariates in the final model (Table 1) .
In total, 14 species were abundant enough (more than 10 specimens in total) to justify the use of GLM-nb models. The trap construction significantly affected the size of the catches of seven of these 14 species. Carabus nemoralis and Bembidion lampros were caught in higher numbers by the funnel traps, and more Brachinus crepitans, Harpalus latus, Harpalus rubripes, Notiophilus palustris and Pterostichus ovoideus were caught by the cup traps. The preservative used significantly affected the size of the catches of six species (Carabus granulatus, Carabus nemoralis, Harpalus rubripes, Ophonus azureus, Poecilus versicolor and Pterostichus ovoideus), while, for all the significantly affected species, except Ophonus azureus, traps filled with propylene glycol caught more of these beetles than those filled with formaldehyde. Catches of the remaining four species (Amara convexior, Amara lunicollis, Badister bullatus and Harpalus luteicornis) were not affected by trap construction or preservative used. There was no significant interaction between trap construction and preservative used in any of the final models.
Species richness
Number of species caught by particular traps was significantly affected by the preservative used (GLM-p: Chi 2 = 4.68, d.f. = 1, P = 0.031) when no correction for sample size was applied. However, when sample size was incorporated into the analysis as a covariate, the number of species caught was unaffected by the preservative (GLM-p: Chi 2 = 0.02, d.f. = 1, P = 0.88) or trap construction (GLM-p: Chi 2 = 0.02, d.f. = 1, P = 0.89). There was a nearly significant (P = 0.05) difference between species richness of assemblages when rarefaction was used. Cup traps with propylene glycol caught slightly fewer species than funnel traps with formaldehyde when species richness was rarefied to the same number of specimens (Fig. 2) .
Species composition
Species composition was significantly affected by trap construction and preservative used when logarithmically 422 Fig. 2 . Rarefaction curves for the assemblages of ground beetles (Coleoptera: Carabidae) caught by pitfall trap of four different designs. Dotted lines indicate 95% confidence intervals for the two assemblages most unequal in species richness, i.e. those caught by funnel traps filled with formaldehyde and cup traps filled with propylene glycol. Fig. 3 . Ordination diagram (RDA) illustrating the effect of pitfall trap design on species composition of ground beetles (Coleoptera: Carabidae). Samples were standardised by the norm. The effect of trap construction (Cup -cup trap; Funnelfunnel trap) and preservative used (P -propylene glycol; Fformaldehyde), controlled for spatial autocorrelation, accounted for 11.5% of the variability in species data (the first canonical axis explained 7.0%; the second canonical axis explained 4.5%; permutation test for all canonical axes: F = 2.371; P = 0.001). Covariates (spatial position of traps) accounted for 16.1% of the variability in species data.
transformed absolute abundances were processed (no standardization by samples applied; permutation test for all canonical axes: F = 3.941, P = 0.001). Trap construction and preservative used together explained 17.2% of the variability in species data after correcting for trap position (x, y and x 2 were used as covariates according to forward selection).
Species composition was still significantly affected by trap construction and preservative used when data were corrected for differences in the sizes of the samples (standardization by samples was applied; permutation test for all canonical axes: F = 2.371, P = 0.001; Fig. 3 ). Trap construction and preservative used together explained 11.5% of the variability in species data (x, y and x 2 were used as covariates). The latter analysis reports variability in relative abundance of species in traps of particular designs.
Effect of trap position
In most analyses, spatial position of the trap had a substantial effect on the analyzed characteristics (catch size, species richness or species composition). Its effect varied with response variable, but in general was comparable to the effect of trap construction (see R 2 values in Table 1 ). Spatial position of the trap explained 17.5% and 16.1% of the variability in species composition when RDA without standardization and with standardization by samples, respectively, were employed.
DISCUSSION
Although pitfall trapping is the most common technique used for sampling epigeal arthropods, samples collected by pitfall traps may be biased in many ways (Greenslade, 1964; Adis, 1979; Topping & Sunderland, 1992; Southwood, 1994; Spence & Niemelä, 1994; Hatten et al., 2007; Schirmel et al., 2010) . The majority of studies compare pitfall trap designs in the search for the most efficient or most environmentally friendly trap design for monitoring biodiversity (e.g., by catching the fewest vertebrates; Lemieux & Lindgren, 1999; Work et al., 2002; Buchholz et al., 2010; Lange et al., 2011) . In the present study, we focused on the effect of trap design on a wide range of characteristics frequently analysed in ecological studies. Total catch of particular species, species composition and species richness of the assemblages sampled were significantly affected by the pitfall trap design used, however the effect of trap design on species richness vanished when a correction for sample size was applied.
Trap construction (cup or funnel trap) and preservative used (propylene glycol or formaldehyde) significantly affected the total catch, and this result corresponds to previous studies (Lemieux & Lindgren, 1999; Pekár, 2002; Lange et al., 2011) . Based on data in the literature, the following possible mechanisms responsible for the effect of trap construction and preservative on pitfall catches were identified: (i) the trap construction affects the ability of individuals to avoid falling into the trap (e.g., by hanging on to the rim of the trap; Halsall & Wratten, 1988) ; (ii) the funnel acts as a mechanical barrier preventing escape from the trap (Obrist & Duelli, 1996) ; (iii) various preservatives differ in "attractiveness" for particular species (Pekár, 1996; Weeks & McIntyre, 1997) ; and (iv) preservatives differ in the time needed to kill the individuals, and a longer time to death increases the risk of escape (Pekár, 1996) . In our study, cups were more efficient (on average they caught higher numbers of carabids) than funnel traps, whereas the opposite pattern is reported by Lange et al. (2011) and Obrist & Duelli (1996) . This difference can be caused by differences in the way we constructed the funnel and that used by Lange at al. (2011) and Obrist & Duelli (1996) . The funnel used in our study contained a "flex point" (funnel was the upper part of a plastic bottle) and such a horizontal segment of funnel could provide beetles with an opportunity to avoid falling into the trap. It is well known that the size of the catch is affected by movement activity, which could be influenced by ambient temperature, hunger level of specimens etc. (Southwood, 1994; Hon k, 1997; Thomas et al., 2006) . In addition, our results indicate that the total catch is also affected by trap design. Therefore, comparison of total abundances (activity densities) across studies using various trap design could be misleading.
Catches of particular species were also affected by trap design. The response of the majority of species to trap construction was similar to that of the total catch (higher catches in cup traps), which is not surprising as total catch depends on the sum of the catches of particular species and, in addition, a few abundant species (e.g., Poecilus versicolor, Harpalus latus and Harpalus luteicornis) made up a large part of the catches. Similarly, there were higher catches of most species in traps filled with propylene glycol. However, the traps of different designs caught similar numbers of some species. Finally, other species were caught in higher numbers by the trap of the design or containing the preservative that caught the smallest total catch (e.g., more Carabus nemoralis was caught by funnel traps and Ophonus azureus by traps with formaldehyde solution). It is known that capture rates differ markedly for different species of carabid beetle (Halsall & Wratten, 1988) . Such variability in capture rate seems to be associated with particular behavioural patterns and sensory skills, particularly the speciesspecific ability to perceive the edge of a trap (Halsall & Wratten, 1988) . The capture rate may vary even between closely related species (e.g., Poecilus versicolor and Poecilus cupreus) (Mommertz et al., 1996) . Moreover, Pekár (1996) reports that the capture rate for particular species is different depending on the preservative used. Differences in capture rates (catches) of traps of different designs of particular species recorded in this study are therefore a consequence of interactions between trap design and behaviour of particular species.
The variation in species-specific capture rates of particular designs of trap may lead to substantial differences in the recorded species composition of a community, depending on the trap design used. Assemblages sampled by a particular trap design consisted of similar species (the 13 most numerous species were caught by both the trap designs tested; see Appendix). Nevertheless, recorded species composition was significantly affected by trap construction and preservative used. This pattern remained unchanged even after application of the correction for unequal sample size (standardization by samples). Our results thus indicate that different pitfall trap designs are able to catch similar species, but their relative abundances in traps of a particular design differ significantly. Such a bias might be substantial in studies investigating fine-scale effects on species assemblages, where phenomenon under study might be obscured by the effect of trap design.
Our finding of a rather small effect of pitfall trap design on the number of species of carabid caught agrees with the results of Lange et al. (2011) . In contrast, Weeks & McIntyre (1997) observed differences in species richness of arthropods caught by pitfall traps depending on the preservative used; however, in their study, species richness was not corrected for variation in sample size. As total catch usually varies significantly among different trap designs (see results; Luff, 1975; Lemieux & Lindgren, 1999; Pekár, 2002; Work et al., 2002; , correcting for unequal sample size is crucial. Species richness in our experiment was significantly affected by the preservative fluid used when we did not correct for unequal sample size, but this result vanished after correction for unequal sample size. This correction is therefore necessary for meaningful comparison of ground beetle species richness sampled by pitfall traps of different designs.
The spatial component in catch size, species richness and species composition recorded in this study could have been caused by gradients in environmental characteristics (e.g. humidity or vegetation cover), which we did not measure and therefore could not include in the analyses. The study area was adjacent to a more humid area of fallow land in the east and this could have affected some species. Interestingly, several species were more abundant in traps in the central part of the grid, which probably caused the non-linear effects (x 2 and y 2 ). This pattern contradicts the "depletion hypothesis" discussed by Digweed et al. (1995) and indicates that 12 m spacing is sufficient to avoid depletion effects when sampling for a short period of time.
In conclusion, our results indicate that the total catch, catch of particular species and species composition can be substantially affected by trap design. If the variability (bias) in the data introduced by trap design is comparable to that generated by the phenomenon under study, the results might be misleading. Therefore, experiments simultaneously comparing the performance of traps of several designs in an ecological study are greatly needed if sound conclusions are to be drawn about the suitability of pitfall trapping. In addition to methodological benefits, simultaneous use of traps of several different designs may provide more complex information on the assemblage of epigeal arthropods.
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1 trap construction (funnel -funnel trap; cup -trap made of a plastic cup); 2 preservative used (F -formaldehyde; P -propylene glycol). (Panzer, 1796) 
